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Abstract: High-thermally conductive AlN-based microwave attenuating composite ceramics with
spherical graphite (SG) as the attenuating agent were fabricated through hot-pressing sintering. The
SG maintains its three-dimensional (3D) morphology within the sintered bodies, which considerably
impedes the sintering of the composites to some extent but slightly influences on the growth of AlN
grains. The addition of SG reduces the strength of the composites, but provides a moderate
toughening effect at the optimal addition amount (3.8 MPa·m1/2 at 4 wt% SG). Benefiting from the
low anisotropy, high thermal conductivity, and the 3D morphology of SG, the composites exhibit a
relatively higher thermal conductivity (76.82 W·m–1·K–1 at 10 wt% SG) compared with composites
added with non-spherical attenuating agent. The dielectric constant and loss (8.2–12.4 GHz) increase
remarkably as the amount of SG added increases up to 8 wt%, revealing that the incorporation of SG
improves the dielectric property of the composite. The composite with 7 wt% SG exhibits the best
absorption performance with a minimum reflection loss of –13.9 dB at 12.4 GHz and an effective
absorbing bandwidth of 0.87 GHz. The excellent overall properties of the SG/AlN microwave
attenuating composites render them as a promising material for various applications. Moreover, SG
has a great potential as an attenuating agent for microwave attenuating composites due to its strong
attenuation upon integration, high thermal conductivity, and low anisotropy.
Keywords: spherical graphite (SG); aluminum nitride; thermal conductivity; dielectric property;
microwave absorption

1

Introduction

A microwave attenuating material is a vacuum electronic
material which is crucial in radars, early-warning aircrafts,
and microwave measurement systems [1–6]. It absorbs
electromagnetic waves within specific frequency bands
and converts them into heat energy for the inhibition of
* Corresponding author.
E-mail: yangjian1976@163.com

sideband oscillation, broadening of bandwidth, and
improving electromagnetic matching during operations.
With the fast development of vacuum electronic devices
into extreme application conditions such as high
frequency, high power, and high temperature, it is
indispensable for microwave attenuating materials to
have a high thermal conductivity, in addition to an
excellent microwave absorption capability, to enable
them to conduct the heat energy efficiently and avoid
damage to working devices caused by high temperature.
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As a result of their outstanding characteristics such as
high thermal conductivity, good mechanical properties,
high-temperature stability, and moderate dielectric
constants, ceramic-based composite attenuating materials,
such as BeO, MgO, Al2O3, and AlN matrix composite
ceramics, have been one of the extensive application
for attenuation materials [1], wherein AlN has been
regarded as the most advantageous attenuating ceramic
matrix by virtue of its high thermal conductivity
(320 W·m–1·K–1), high strength, high insulation,
non-toxicity, and low out-gassing under a vacuum
environment [1,2]. The preparation of AlN-based
microwave attenuating composite ceramics generally
involves the introduction of metal conductors (W and
Mo), semiconductors (SiC and TiO2), or carbonaceous
materials (graphite, carbon black, graphene, and
carbon nanotubes) to improve the dielectric loss of the
AlN-based composites, and enhance their microwave
attenuation [3,4]. However, the thermal conductivity of
AlN ceramics is highly sensitive to the introduction of
a second phase, and all the pores, interfaces, grain
boundary impurities, and crystal defects resulting from
the addition of the attenuating agent greatly reduces the
thermal conductivity of AlN-based composites [7–9].
To improve the thermal conductivity of AlN-based
attenuating composites, highly thermally conductive
metal attenuating agents have been employed. However,
the inhomogeneous microstructure induced by the
mismatching density between the AlN matrix and the
metallic materials inevitably affects the thermal
stability of the composite material. The wide band gap
semiconductor SiC has been widely applied as an
attenuating agent for preparing AlN-based attenuating
composite ceramics. However, the addition of SiC not
only increases the heterogeneous interface, but also
generates a SiC/AlN solid solution. As a result, the
SiC/AlN composites develop a large interface, high
thermal resistance, and numerous crystal defects,
which would cause severe phonon scattering and the
deterioration of thermal conductivity of the SiC/AlN
composite attenuating ceramics [1,10,11].
In recent years, the lightweight carbonaceous
nanomaterials with high electrical and thermal
conductivity such as graphene and carbon nanotubes
(CNTs), have been considered as promising attenuating
agents for the preparation of ceramic matrix microwave
attenuating composite materials [12–19]. Several studies
have found that a small amount of incorporated graphene
and CNTs greatly improves electrical conductivity and

dielectric properties of AlN-based composite materials
[7–9], making them potentially suitable attenuating
agents for the preparation of AlN-based composite
materials. Liang et al. [20] reported that, within the
frequency range of 26.5–40.0 GHz, both the dielectric
constant and dielectric loss of AlN/CNT composites
increased significantly as the CNT content increased,
and a high dielectric loss tangent (tanδ = ε″/ε′) of
0.1−0.61 was achieved at 5 vol% CNT. Nonetheless, as
CNTs have a very large specific surface area and a
hollow tubular structure, they can adsorb a large
amount of gas and may undergo out-gassing under a
high vacuum environment, thus limiting their
application in preparing vacuum electronic materials
[21,22]. Graphene has an ultra-high thermal
conductivity along the in-plane direction, whereas its
layered structure readily produces a large heterogeneous
interface between AlN matrix and graphene, which
greatly reduces the thermal conductivity of AlN/graphene
composite materials [7,8]. Yin et al. [23] reported that
the thermal conductivity of graphene platelets/AlN
composites sharply decreased from 58.21 to 13.84
W·m–1·K–1 as the graphene content increased from 0 to
9.5 wt%. In addition, one/two-dimensional (1D/2D)
carbonaceous nanomaterials are generally anisotropic
[7,24], which is detrimental to the uniform heat
dissipation of the material. Although various potential
attenuating agents, such as metal conductors,
semiconductors, and carbonaceous materials, have been
studied, none of them are suitable for the preparation
of a highly thermally conductive AlN-based attenuating
composite materials with no anisotropy. To improve
the work reliability of microwave attenuating materials
in future work, it is important to exploit an attenuating
agent that can satisfy the demand of combined high
thermal conductivity, strong attenuation, and low
anisotropy.
Among the previously reported attenuating agents,
graphite is a traditional carbonaceous material with an
excellent electrical conductivity (~106 S/m), thermal
conductivity (~2200 W·m–1·K–1) [25], high thermal
stability, and low cost, and hence, it is considered as a
promising material for the preparation of materials
with strong attenuation [26–34]. Historical studies
have shown that the introduction of a small amount of
graphite can improve the dielectric and microwave
absorption properties of the composites incorporated
with graphite [29–34]. Torğut et al. [32] found that the
incorporation of graphite into a polymer matrix
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significantly enhanced the polarization loss of the
composites, and the real dielectric constant ε′ value of
the 10 wt% composite was 80.5, higher than that of the
monolithic polymer material. Sun et al. [33] fabricated
SiC/graphite composites based on a porous SiC matrix,
and they found that introducing graphite from 1 to
7 wt% increased the electrical conductivity of the
composite by five orders of magnitude. Moreover, the
incorporation of graphite resulted in the multiple
reflections of the electromagnetic waves inside the
material, improving the electromagnetic shielding
performance of the SiC/graphite composite. Zhang et
al. [34] observed that when the graphite/geopolymer
ratio was 12, the minimum reflection loss (RLmin) of
the graphite/geopolymer composite reached –65 dB at
a frequency range of 2–18 GHz and at a thickness of
4.15 mm. However, the application of graphite in
preparing AlN-based microwave attenuating composite
material has not been reported in detail until now.
Moreover, in all of the reports on composite absorption
materials filled with graphite, the flake graphite is
dominantly employed. Coinciding with its 2D structure
of 2D materials, the high aspect ratio of flake graphite
can also result in numerous heterogeneous interfaces
inside the matrix, just like graphene, thereby limiting
the improvement of the thermal conductivity of the
composite. Moreover, the composites filled with 2D
flake graphite also suffer from the anisotropic thermal,
electricity, and dielectric properties [25,35–38]. For
example, Li et al. [38] employed the squeeze casting
method to fabricate graphite flakes/Al composites and
found that as the graphite content varied from 40 to
70 vol%, the thermal conductivity of the composites
increased from 544 to 714 W·m–1·K–1 in the direction
parallel to the plane of the graphite layers but
decreased from 104 to 31 W·m–1·K–1 in the direction
perpendicular to the plane of the graphite layers,
resulting from the high interfacial thermal resistance,
low thermal conductivity (6 W·m–1·K–1) and the
anisotropy caused by the addition of flake graphite.
This suggests that there is a great limitation on the
preparation of high-performance microwave attenuating
materials with high thermal conductivity and low
anisotropy when flake graphite is employed as the
attenuating agent, and to the best of our knowledge,
which remains a great challenge to date.
In this work, considering the high electrical and
thermal conductivities and microwave absorption
property of graphite, spherical graphite, instead of the

traditional flake graphite, was chosen as the
attenuating agent in the preparation of AlN-based
composite ceramics with strong attenuation, high
thermal conductivity, and low anisotropy. SG is a
granulated form of graphite, which not only enjoys
excellent thermal and electrical properties similar to
flake graphite, but also has a low anisotropy as opposed
to flake graphite. More importantly, the spherical
morphology of SG results in its relatively small aspect
ratio, which can potentially reduce the heterogeneous
interfaces between the graphite particles and the AlN
matrix and their adverse effect of interfacial thermal
resistance on the thermal conductivity of the composites.
Owing to its high electrical conductivity, low specific
surface area, chemical resistance, high crystallinity,
and high theoretical lithium insertion capacity, SG is
widely utilized as a substitute for the traditional flake
graphite for the preparation of the battery negative
electrodes [39,40]. However, there are few reports on
the preparation of ceramic matrix microwave attenuating
composites filled with spherical graphite.
To explore the potential and feasibility of employing
SG as a highly effective attenuating agent for the
preparation of AlN-based microwave attenuating
composite materials, the effects of the mass fraction of
SG on the sintering, mechanical, thermal, dielectric,
and absorption properties of the SG/AlN composites
were systematically studied. The obtained SG/AlN
composites exhibited a low anisotropy, excellent
thermal conductivity, and strong dielectric loss and
absorption ability, which demonstrated their potential
as high-performance attenuation materials for future
applications after further optimization.

2
2. 1

Experimental
Preparation of SG/AlN composite ceramics

Commercial AlN (1−2 μm, Liaoning Desheng Special
Ceramics Manufacturing Co., Ltd., China), Y2O3 (d50 =
7 μm, purity 99.95 %, Shanghai Yuelong Chemical
Factory, China), and SG (d50 = 6 μm, Qingdao Haida
Graphite Co., Ltd., China) were used as the raw materials.
The microscopic morphology of the spherical graphite
is depicted in Fig. 1. The SG particles are oval, and
they have a significant difference from the layer
structure of flake graphite.
The amount of the sintering aid Y2O3 was fixed at
4 wt%, and the SG content was varied from 0 to
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and then taken out of their molds.
2. 2

Fig. 1 Micromorphology of spherical graphite raw
material.

16 wt%. The preparation process of the SG/AlN
composites is schematically shown in Fig. 2. First, the
AlN and Y2O3 powders were ball-milled for 4 h in a
planetary ball mill at a rotating speed of 160 rpm.
Thereafter, they were dried at 80 ℃ for 24 h, ground,
and then sieved through a size of 60 mesh. Varying
amounts of SG powders were mixed with the
AlN–Y2O3 composite powders in anhydrous ethanol,
and the mixture was combined under magnetic stirring
(S10–3, Shanghai Sile Equipment Co., Ltd., China)
and mechanical stirring (JJ-1, Jiangyin Poly Research
Equipment Co., Ltd., China) for 2.5 h at 750 rpm. The
mixture was dried at 120 ℃ for 8 h, and the resultant
powders were sieved through a size of 60 mesh. The
as-prepared composite powders with different SG
contents were loaded into graphite molds and then
hot-pressing sintered under a nitrogen (N2) atmosphere,
with a sintering temperature of 1900 ℃, uniaxial
pressure of 25 MPa, and holding time of 1 h. Finally,
the as-sintered samples were cooled to room temperature

Testing and characterization

The phase composition of the as-prepared SG/AlN
composites was detected using X-ray diffraction (XRD,
Smartlab, Japan) analysis. The X-ray photoelectron
spectroscopy (XPS, AXIS Ultra DLD, Kratos, UK)
was carried out to determine the chemical composition
of the surface of the sample. The bulk density (ρb) of
the sintered sample was measured by Archimedes
method, and then the bulk density of the sample was
divided by the corresponding theoretical density (ρt) to
obtain the relative density (ρr), i.e., ρr = ρb/ρt, wherein
the theoretical density of a fully dense composite was
calculated in accordance with the rule of mixtures,
assuming the densities of 3.26 g·cm–3 for AlN,
5.01 g·cm–3 for Y2O3, and 2.25 g·cm–3 for SG respectively.
The flexural strength of the sample with dimensions
of 4 mm × 3 mm × 36 mm was tested using the
three-point bending method at a loading rate of
0.5 mm·min–1. To test the fracture toughness of the
sample, the single edge notch beam method was carried
out at a loading rate of 0.05 mm·min–1 for a sample with
dimensions of 4 mm × 2 mm × 30 mm, with a groove
depth of 2 mm and width of 0.1 mm. A field emission
scanning electron microscope (FESEM, SU8010,
Hitachi, Japan) equipped with an energy dispersive
system (EDS) was used to analyze the fracture
morphology and chemical composition of the sample.
The thermal diffusivity α of the sample (Φ 12.7 mm ×
2 mm) was determined using a laser thermal conductivity
meter (LFA447, Netzsch, Germany) under the protection

Fig. 2 Schematic of the preparation process for fabricating the SG/AlN composites.
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of helium atmosphere, and the thermal conductivity λ
of the sample was calculated by Eq. (1) [41]:
(1)
λ = α × Cp × ρ
where ρ is the bulk density of the sample and Cp is the
heat capacity. Each sample subjected to thermal
analysis was tested for three times, and the mean value
was calculated. To investigate the dielectric properties
and microwave absorption properties of the samples,
the waveguide method with a vector network analyzer
was used to test the electromagnetic parameters of the
sample (22.86 mm × 10.16 mm × 2.5 mm) in the
X-band (8.2–12.4 GHz). The alternating-current (AC)
impedance (1–106 Hz) of the sample was tested by
electrochemical stations (CHI760E, China).

3

Results and discussion

3. 1

Phase composition

The XRD patterns of the as-sintered SG/AlN composites
with various SG contents are presented in Fig. 3(a).
The main phases in the monolithic AlN ceramic are
AlN and Al5Y3O12, while the main phases in the
SG/AlN composites are AlN, carbon (C), and Al5Y3O12.
No other carbon-containing compound was detected,
illustrating that SG did not react with any other phases
during the sintering process. The XRD patterns of the
SG raw material and SG/AlN composites with various
SG contents within a small 2θ angle range are shown
in Fig. 3(b). Visibly, the diffraction peak of C becomes
stronger as the SG content increases, and the position
of the C diffraction peak in the composite material
shows no significant change with that in the SG raw
material. This indicates that SG maintains as its original

(a)

graphitic structure in the sintered sample. The existence
of Y3Al5O12 is ascribed to be the reaction between
Y2O3 and Al2O3 that exists on the surface of AlN,
which not only promotes the liquid phase sintering of
the AlN-based composite under a relatively low
temperature, but also effectively removes the oxygen
impurities in the lattice of AlN, thereby enhancing the
thermal conductivity of the AlN-based composite
ceramics [42,43].
To further identify the chemical forms and interactions
of each element in the SG/AlN composite, the XPS
survey spectra of the 4 wt% composite were obtained
and presented in Fig. 4. Several typical peaks for Al 2p,
C 1s, N 1s, Y 3d, and O 1s can be clearly identified in
Fig. 4(a). In the XPS spectra of Al 2p, as shown in Fig.
4(b), the intensity of peaks at 73.65 and 74.73 eV
correspond to the Al–N and Al–O bonds, respectively
[44]. It can be inferred that the Y3Al5O12 is responsible
for the formation of Al–O. The N element mainly
exists in the form of the N–Al bond (396.7 eV) in the
sintered body [44]. In addition, the two slight and
minor peaks appear at 397.5 and 399.8 eV correspond
to pyridinic N [45,46] and pyrrolic N [47], respectively.
This may be attributed to that a few C atoms which
were doped into the AlN lattice and replaced the N
atoms [48]. The C 1s spectrum can be divided into
C–C (284.8 eV) [45,49], C–O (286.1 eV), and C=O
(288.7 eV) bonds [50]. The presence of C–O bonds
may be due to a small amount of oxidation of graphite
during the drying process. Nevertheless, no other C
bonds were found in the composite, further confirming
that SG still maintained its original graphitic structure
within the sintered body, and no N doping of the SG
occurred even after sintering under a N2 protective
atmosphere.

(b)

Fig. 3 (a) XRD patterns of SG/AlN composites with different SG contents and (b) XRD patterns of SG raw powders and
SG/AlN composites with different SG contents at 25°–29°.
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(a)

(b)

(c)

(d)

Fig. 4 (a) XPS survey spectra of 4 wt% composite and (b–d) the spectra of Al 2p, N 1s, and C 1s, respectively.

3. 2

Sintering properties and microstructure

The bulk density and relative density of the SG/AlN
composites with varying SG contents are shown in
Fig. 5. As the SG content increases from 0 to 16 wt%,
the bulk density and relative density of the composites
decrease monotonously from 3.30 to 3.00 g·cm–3 and
99.50% to 96.73%, respectively. The descend of relative
density indicates that the SG addition significantly

Fig. 5 Bulk density and relative density of SG/AlN
composites with different SG contents.

inhibits the sintering process of the SG/AlN composites.
To explain the decrease in density of the composite as
the amount of SG increases, the micromorphology,
location, and distribution of SG particles within the
materials, the microstructure and chemical composition
of the SG/AlN composites were further characterized
through SEM, EDS, and element mapping [48,51,52].
The SEM, EDS, and element mapping diagrams of
the composite with 4 wt% SG are provided in Fig. 6.
The red area in Fig. 6(b) indicates the SG particles, as
confirmed by the combined analysis of element mapping
and EDS. The SG particles, with a significantly
different morphology from the AlN matrix, can be well
distinguished in Figs. 6(a) and 6(c). To more clearly
observe the location and distribution of SG inside the
AlN matrix, the fracture surfaces of the sintered samples
with 0–12 wt% SG, were ultrasonically cleaned and
then characterized using SEM and EDS analyses. As is
shown in Fig. 7, the SG shows a clear fault-like
structure after ultrasonication. Meanwhile, the fine AlN
particles and SG particles on the fracture surface of the
ultrasonicated sample were cleared away, showing a
clearer fracture morphology in comparison with the
non-ultrasonicated sample. Figure 8 shows the fracture
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(a)

(b)

(d)

(c)

Fig. 6 (a) Microstructure, (b) EDS mapping, (c) high-resolution microstructure, and (d) EDS diagrams of 4 wt% SG/AlN
composite without ultrasonic cleaning.

Fig. 7 Microstructure (ultrasonic cleaning) and EDS diagrams of 4 wt% SG/AlN composite.

morphologies of the composites containing different
SG contents. Overall, the SG particles and AlN grains,
although tightly bonded, showed significantly different
morphologies, which can be clearly distinguished in all
the composites. The SG particles were distributed
homogeneously in the AlN matrix. Compared with that
of the pristine SG shown in Fig. 1, the micromorphology
of the SG inside the sintered sample suffered some
damage and exhibited a pronounced deformation, which
can be attributed to the uniaxial pressure applied
during the sintering process. Nevertheless, most of the
SG particles inside the composites maintain their 3D
morphology after sintering, which is an obvious

distinction from the 2D morphology of flake graphite
[25,27,33]. Besides, none of these composites exhibited
a pronounced behavior based on orientation, whether
parallel or perpendicular to the pressure directions
inside the sintered body. This is obviously differed
from the orientated flake graphite in the AlN/graphite
composite reported by Zhang et al. [25], suggesting
that orientation alignment and anisotropy can be
alleviated to some extent by using spherical graphite.
Whereas, a significant agglomeration of SG particles
can be observed in the composites with 10 and 12 wt%
SG, implying that at high SG contents, the SG particles
experience an increased difficulty in dispersion.
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Fig. 8 Fracture morphologies of SG/AlN composites with different SG contents.

As shown in Fig. 8, the average AlN grain size of a
monolithic AlN ceramic is ~7 μm, and that of the
composite with 12 wt% SG is 5 μm. Compared to the
decrease in the AlN grain size from 6.5 to 3.5 μm, as
the graphene content increased from 0 to 7.28 vol%
(5 wt%), in graphene/AlN composites prepared via

hot-pressing sintering [8], the introduction of SG into
the AlN matrix only slightly inhibited the growth of
AlN grains, which may be ascribed to the lower SG/AlN
grain boundary interface in SG/AlN composites relative
to that of the AlN-based composites containing 2D
flake materials. The fewer SG/AlN interfaces sufficiently
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decrease the adverse impact of the incorporation of SG
on the AlN mass transfer, thereby alleviating the
inhibition of AlN grain growth. As the amount of SG
incorporation increases, the SG/AlN heterogeneous
interface grows and has a non-negligible effect on the
mass transfer process of AlN and the migration process
in the AlN grain boundary. These hinder the sintering
process of the materials, increasing the number of
pores within the material and accordingly decreasing
the densification.
3. 3

Mechanical properties

To evaluate the mechanical properties of the SG/AlN
composite ceramics, the flexural strength and fracture
toughness of the SG/AlN composite as a function of
SG content are obtained and shown in Fig. 9. The
strength of the composites decreases monotonically
from 358 to 240 MPa as the amount of SG increases
from 0 to 12 wt%, indicating that the addition of SG
causes damage to the flexural strength of the composite.
According to the fracture morphology analysis, the
decrease in the strength is mainly caused by the
increasing number of pores in the composite and the
weakening of the interfacial bonding between the SG
particles and AlN matrix as more SG is incorporated
into the composite, which greatly reduces the energy
required for crack propagation during the fracture
process.
The fracture toughness of the composites exhibits an
increasing trend at first and then decreases as the SG
increases, reaching the maximum of 3.8 MPa·m1/2 at
4 wt% SG, which is 27% more than that of the
monolithic AlN ceramic, revealing that a moderate
addition of SG has a certain toughening effect on the
SG/AlN composites. Fracture toughness is the ability
of a material to resist crack propagation, and the main

(a)

Fig. 9 Mechanical properties of SG/AlN composites
with different SG contents.

toughened mechanism that occurs in the SG/AlN
composites can be determined through the SEM
images of the fracture morphology. As shown in Fig. 8,
SG particles are dispersed homogeneously inside the
composites, and composites with low SG contents
exhibit a high densification, which endows a strong
interfacial bonding force between the SG particles and
the AlN matrix. The high-resolution fracture morphologies of the sample with 4 wt% SG after ultrasonic
cleaning and without ultrasonic cleaning are presented
in Figs. 10(a) and 10(b), respectively. As shown in Fig.
10(a), the SG particles are tightly pinned inside the
AlN grains, which induce a pinning effect in the
material and consequently promote crack deflection
during the crack propagation stage. In addition,
Fig. 10(b) reveals that there are numerous extracted SG
particles on the fracture surface, which is mainly
because the SG particles were slightly deformed during
the sintering process and became non-equiaxed particles.
Considering the behavior of composite ceramics
toughened by non-equiaxed materials such as graphene,
carbon fibers, and CNTs [8], the extracted SG implies

(b)

Fig. 10 High-resolution fracture morphologies of 4 wt% SG/AlN composite: (a) with ultrasonic cleaning and (b) without
ultrasonic cleaning.
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that numerous SG bridging and pulling-out have been
generated during the fracture process, thus consuming
a large quantity of fracture energy. This phenomenon
reasonably toughens the SG/AlN composites. However,
at higher SG contents, the increasing pores and the
consequent decrease in density weaken the interfacial
bonding between the AlN grains and SG particles,
which has a significant and detrimental effect on the
mechanical properties of the composite. As a result, a
decreased fracture toughness is observed when the SG
content exceeds 4 wt%.
3. 4

Thermal properties

To investigate the thermal properties of the SG/AlNbased composites, the thermal diffusivity α and thermal
conductivity λ of the SG/AlN composite ceramics with
varying SG contents were measured and are presented
in Fig. 11. Generally, both α and λ values of the
composite ceramics exhibit a remarkable downtrend as
the SG content increases from 0 to 16 wt%. The α and
λ of monolithic AlN ceramic are 46.93 mm2·s–1 and
115 W·m–1·K–1, respectively. The α of the composite
with an SG content of 6, 7, 8, and 10 wt% is 37.41,
35.9, 34.30, and 33.22 mm2·s–1, respectively, and the λ
of the composite with an SG content of 6, 7, 8, and
10 wt% is 88.65, 84.5, 80.44, and 76.82 W·m–1·K–1,
respectively. These reveal that the addition of SG is
detrimental to the thermal properties of the SG/AlN
composites. Surprisingly, the α and λ of the composite
with 12 wt% SG exhibit an increase to 34.76 mm2·s–1
and 79.53 W·m–1·K–1, respectively, instead of decrements.
Further addition of SG to 16 wt% leads to the
minimum α and λ values of 26.54 mm2·s–1 and
64.04 W·m–1·K–1, respectively.

Fig. 11 Thermal diffusivity α and thermal conductivity λ of
SG/AlN composites with different SG contents.

As a covalently bonded inorganic compound, the
λ of AlN crystals is strongly associated with phonon
heat conduction [53], as described by the following
equation [54]:
1
3

  cvl

(2)

where c is the specific heat capacity, v is the mean
velocity of the phonon, and l refers to the mean free
path of the phonon. Enhanced phonon scattering results
in the decrease of l, thereby reducing λ [53]. The
phonon scattering in AlN-based composites mainly
originates from various defect-phonon scattering, such
as vacancies, dislocations, grain boundary interfaces,
and pores [7]. For the SG/AlN composites, the growing
SG/AlN interface as the SG addition enhances the
phonon scattering and generates more interfacial
thermal resistance, thus inducing a negative effect on
the λ of the composites [8,54,55]. In addition, as the
sources of scattering, the increasing number of pores at
higher SG contents also contributes to the decrease in λ.
The effect of porosity on λ of a material can be
expressed as follows [56]:



3 


  0 1   
2

(3)

where λ0 represents the thermal conductivity of a dense
material and ϕ is the porosity.
Equation (3) shows that λ has an inverse relationship
with the ϕ of a material, and hence, the increasing
pores as the SG addition also contribute a lot to the
degradation of the λ of the SG/AlN composites. The
abnormal increase in λ at 12 wt% SG may be ascribed
to the formation of partial thermal-conduction paths
caused by the connection of SG particles at higher SG
contents. However, the further addition of SG seriously
decreases the densification and increases the number of
pores in the composites, thus resulting in a dramatically
decrease in the λ value to 64.04 W·m–1·K–1 at 16 wt%
SG.
In comparison with other AlN-based attenuating
ceramics, the thermal properties of AlN-based composites
containing different attenuating agents are tabulated in
Table 1. Generally, the λ values of the SG/AlN composites are significantly higher than that of AlN/SiC
attenuating composite ceramics (40 to 70 W·m–1·K–1
[1,10,11]) at the same content of the second phase.
Simultaneously, in comparison to the AlN-based
composites containing 1D/2D carbon materials, such
as graphene and carbon nanotubes, as the second phase
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Thermal properties of AlN-based composites with different second phases
Thermal conductivity
(W·m–1·K–1)

Ref.

10 vol%

35.9 (through-plane)

[8]

2

6 vol%

62

[9]

99.99%

3

10 wt%

15

36

[11]

Spark plasma
sintering

99.90%

1.73±0.02

9.5 wt%

4.64

19.8

[23]

SiC/AlN

Hot-pressing

98.50%

—

10 wt%

65

[57]

Graphene/AlN

Hot-pressing

97.99%

6

10 wt%

18.95

39.7 (through-plane)

[58]

19

43 (through-plane)

37

84 (in-plane)

33.22

76.8 (through-plane)

Sample

Sintering method

Purity of raw
AlN powders

AlN grain
size (μm)

Second phase
content

Graphene
nanosheet/AlN

Hot-pressing

97.70%

≤ 3.5

SWCNT/AlN

Hot-pressing

97.99%

SiC/AlN

Plasma activated
sintering

Graphene
platelets/AlN

Graphene
platelets/AlN

Spark plasma
sintering

≤ 99.22%

2±1.4

8 wt%

Spherical
graphite/AlN

Hot-pressing

99.90%

~7

10 wt%

[7–9], at the same content, the SG/AlN composite shows
a relatively higher λ as well. For example, the λ of the
AlN/graphene composite containing 0.1 vol% (0.07 wt%)
graphene prepared by Simsek et al. [7] is only
74 W·m–1·K–1 in the direction parallel to the graphene
plane, and that of the 10 vol% (7 wt%) graphene
nanosheet/AlN composite reported by Yun et al. [8] is
as low as 40 W·m–1·K–1. Similarly, carbon nanotubes
have been reported to have a thermal conductivity up
to 6600 W·m–1·K–1, whereas the AlN/CNT composite
with 6 vol% (4 wt%) CNTs shows a relatively low λ of
62 W·m–1·K–1 [9]. All of these values are lower than
the λ value of SG/AlN composite with 10 wt% SG
prepared in this study at 76.82 W·m–1·K–1, indicating
that SG had the least impact on the λ of AlN-based
composites relative to other types of attenuating agents,
which is credited to its spherical morphology. Similarly,
Ren et al. [60] found that the thermal conductivity of
spherical BN/PDMS composites (2.30 W·m–1·K–1) is
almost four times higher than that of platelet-like
BN/PDMS composites (0.60 W·m–1·K–1). It is mainly
because the spherical filler can not only reduce the
interface thermal resistance and phonon scattering
compared with platelet-like one, but also decrease the BN
agglomeration and thus greatly promotes heat conduction.
As schematically shown in Figs. 12(a) and 12(b),
compared to the flake-shaped heterogeneous interface
of AlN-based composites containing 2D flake graphite,
ideally, the SG/AlN interface surrounding the SG
should also have a spherical morphology, which
endows a remarkably lower cross-sectional area for the
heterogeneous interface in the direction of thermal
conduction. Additionally, in comparison with graphene,

Thermal diffusivity
(mm2·s–1)

[59]
This work

CNTs and other 1D/2D attenuating agents incorporated
at the same volume fraction, and the addition of SG
shows a slightly inhibited effect of the AlN grains.
Zhang et al. [25] reported that the larger the particle
size is, the lower the thermal conductive barrier it
provides. It can be inferred that the relatively larger AlN
grains due to the addition of SG extremely lessen the
conductive barrier, and this is in greatly contrast with
the sharp increase in the interfacial barrier of graphene/
AlN composites as the AlN particle size decreases
[8,23,59]. All the above factors can considerably diminish
the interfacial thermal resistance of the SG/AlN
composites. The effect of interfacial thermal resistance
on heat conduction can be given by Eq. (4) [61]:
Qi = ΔT/Ri

(4)

where Qi represents the value of the heat flux at
interface, ΔT is the temperature difference at interface,
and Ri is the interfacial thermal resistance. It can be
deduced that the lower interfacial thermal resistance
delivers a higher heat flux through the interface.
Consequently, the SG/AlN composites with a lower
interfacial thermal resistance exhibit a significant
improved heat-conduction ability.
On the other side, since SG has a low-anisotropic λ,
as distinguished from that of 2D materials with a
uniaxially high λ, regardless of directions, there should
be two thermally conductive paths within the SG/AlN
composites. As indicated by the yellow arrow in
Fig. 12(a), one is the SG–AlN thermally conductive
path, and the other is the AlN matrix thermally
conductive path, both of which hugely promote the λ
of the SG/AlN composites. The synergistic effect of
the reduced interfacial thermal resistance and the
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Fig. 12 Schematic diagrams of thermally conductive paths in composite filled with different shaped second phases: (a) spherical
graphite and (b) 2D flake graphite.

low anisotropic thermal conductivity of SG can deliver
a higher λ for the SG/AlN composites. Moreover, the
issue of the anisotropic λ for the composites containing
1D/2D carbonaceous materials can also be alleviated by
the weak orientation alignment of SG, further evidencing
the potential of applying SG in the preparation of
highly thermally conductive microwave attenuating
materials with low anisotropy.
3. 5

Dielectric properties

The microwave absorption performance of a nonmagnetic absorption material is strongly dependent on
its dielectric properties, such as the real dielectric
constant ε′, imaginary dielectric constant ε″, and
dielectric loss. The real and imaginary parts of the
dielectric constant refer to the polarization and lossy
ability of the material under an applied electromagnetic
field, respectively, and the dielectric loss is reflected by
the tanδ value [62]. The dielectric constant and
dielectric loss as a function of microwave frequency

(8.2–12.4 GHz) of the SG/AlN composites with
different SG contents are depicted in Figs. 13 and 14,
respectively. Both the dielectric constant and dielectric
loss of the composites show a significant increment as
the SG content increases from 0 to 8 wt%. The ε′, ε″,
and tanδ values of the monolithic AlN ceramic are
8.3–8.7, 0.03–0.07, and 0.004–0.008, respectively,
showing an extremely low dielectric loss. Whereas the
ε′, ε″, and tanδ values for the 8 wt% composite are
50–64, 30–32, and 0.46–0.59, respectively, implying
that the addition of SG has a pronounced improved
effect on the dielectric loss of the SG/AlN composite
materials.
The ε′, which reflects the polarization ability of the
material, is closely linked with the ability of the material
to store charges [63], and it is given by Eq. (5) [62]:
 
   s 2 2   
(5)
1  
where  s is the static dielectric constant,   is the
optical dielectric constant, τ is the polarization relaxation

Fig. 13 Dielectric constants of SG/AlN composites with different SG contents.
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Fig. 14 Dielectric loss of SG/AlN composites with
different SG contents.

time, and ω is the angular frequency. The conductive
SG particles inside the insulating AlN matrix, act as
electrode plates and readily create a mini-capacitor
effect. The shorter the distance between conductive SG
particles, the further improved the capacitance of the
composites, that is, the enhanced mini-capacitor effect.
From this, the ability of the composites to store charges
is sufficiently improved and in turn enhances the ε′
value. The ε″ value can be calculated using the
following Eq. (6) [63,64]:

  

 

 s 2 2    c   relax
 0 1   

(6)

where σ is the electrical conductivity of the material, ε0
is the dielectric constant of free space (8.854×10–12

F·m−1) [62], and εc and εrelax are the conduction loss
and Debye relaxation loss, respectively. The imaginary
part of the dielectric constant is proportional to the
conductivity of the material, that is, conduction loss.
As the conductive phase SG is incorporated into the
matrix, it gradually forms a 3D conductive network,
which then significantly increases the electrical
conductivity of the composite material and the electronic
migration on the surface of the SG particles increases
significantly, thereby enhancing the conduction loss of
the material. It can be deduced from Eqs. (5) and (6)
that the ε′ and ε″ values of the materials are closely
related to the Debye relaxation loss. Based on the
Debye theory, if there is no consideration of the
influence of conduction loss on the ε″ value, the Debye
relaxation loss can be deduced from the ε″–ε′ curves,
and the relationship between the real and imaginary
parts of the dielectric constant can be described as
following [65]:
2

     s   

( ) 2      s

2   2 


2

(7)

If there is a polarization relaxation behavior existing
in the material, a semicircle occurs in the ε″−ε′ curve,
which is called the Cole–Cole semicircle [65]. The
ε″–ε′ curves of the SG/AlN composites with varying
SG contents are displayed in Fig. 15. No obvious
semicircle is observed in the curves of the 0 and 2 wt%
SG samples, whereas the samples containing 4, 6, 7,

Fig. 15 ε″–ε′ curves of SG/AlN composites with different SG contents.
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and 8 wt% SG exhibit identifiable Cole–Cole semicircles.
This indicates that the SG leads to an obvious
polarization relaxation behavior in the composite, which
should be attributed to the synergistic effect of SG
particle, AlN grains, and SG/AlN heterogeneous
interfaces.
In the SG/AlN composites, the electronic transport
in the SG–SG microcapacitors is mainly realized via
insulated AlN matrix, and the insulated AlN is equivalent
to a tunneling resistance. The evenly dispersing SG in
the AlN matrix means that the SG–SG microcapacitors
and AlN grain resistance will form repeated polarizations
inside the material. In addition, owing to the large
mismatch between the electrical conductivities of AlN
and SG, the space charge polarization was strongly
built as a result of the charge accumulation at the
SG/AlN heterogeneous interfaces, which can also be
considered a microcapacitor. In this regard, the
dielectric properties of SG/AlN composites can be
expressed by the equivalent circuit. To have a better
understanding of the effect of the addition of SG on the
dielectric properties of the composites, the AC
impedance of the 2–8 wt% composites was tested and
the relevant impedance spectra are shown in Figs.
16(a)–16(e). Combined with software analysis and
repeated tests, the equivalent circuit that mostly fits the
microregion in the composites is schematically shown
in Fig. 16(f), wherein the red curves in Figs. 16(a)–16(e)
are the fitting curves deserved from the equivalent
circuit. The impedance (Z) corresponding to the
equivalent circuit can be given by Eq. (8):

1
1
1


Z R  1 / (iC1 ) 1 / (iC2 )

(8)

where C 1 represents SG–SG microcapacitor, C 2
represents the microcapacitor corresponding to the
space charge polarization, and R represents the tunneling
resistance of AlN grain. The R, C1, and C2 values of the
equivalent circuit of the SG/AlN composites with
different SG contents are presented in Table 2. Notably,
the decreasing R indicating that the conductivity of the
composites was significantly improved by the SG
addition. In contrast, the C1 and C2 exhibit a monotonous
increase with the elevated SG contents, which suggests
that more microcapacitor structures and space charge
polarization are generated inside the material. These
further demonstrates that the improved conductivity
and the polarization relaxation composed of SG–SG
microcapacitors, heterogeneous interfaces of AlN grain

resistance and SG/AlN resulting from the SG addition
contribute a lot to the enhancement of the ε′ and ε″
values. Whereas, aside from the typical Cole–Cole
semicircle, a smooth tail is also observed in the ε″−ε′
curves for the samples with 6−8 wt% SG, which may
be attributed to that the excessive conduction loss
caused by the SG addition hides the effect of the
relaxation process, the similar results can also be found
in Refs. [65–67]. Accordingly, in parallel with the
variation of the real and imaginary dielectric constants,
the loss tangent tanδ determined by ε′ and ε″ also
exhibits an improvement, suggesting that the addition
of SG enhances the dielectric loss capability of the
composite.
3. 6

Microwave absorption properties

The microwave absorption property of material is
usually characterized by the reflection loss (RL), which
is expressed according to Eq. (9) [68,69]:
RL  20 lg

Z in  Z 0
Z in  Z 0

(9)

where Z0 is the impedance in free space, and Zin is the
incident impedance of the material surface, which can
be obtained from Eq. (10) [68,69]:
Z in  Z 0

r
 2πfd

r  r 
tanh  j
r
c



(10)

where f refers to the frequency of the electromagnetic
wave, c is the speed of light (3×108 m/s), d denotes the
material thickness, and εr and μr are the complex
permittivity and complex permeability of the material,
respectively (for non-magnetic materials, μ r is
commonly set to 1) [70]. RL is generally a negative
value, and the smaller the value is, the stronger the
absorption ability of the material. For instance, RL
values below –4 and –10 dB mean that the material
can absorb 36% and 90% of electromagnetic wave,
respectively, and the latter case is considered as an
effective absorption [68]. Figure 17 shows the RL of
the SG/AlN composites as a function of SG content at
the thickness of 1 mm. In the X-band, as the SG
content increases from 0 to 8 wt%, the RLmin of the
composites gradually decreases first, and then
increases. When the SG content is less than 6 wt%, all
the RLmin values are higher than –4 dB, indicating a
poor absorption capability for electromagnetic waves.
The RL value of 7 wt% sample significantly decreases
with the increasing frequency in the X-band, and it
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Fig. 16 Impedance spectra of the SG/AlN composites of (a) 2, (b) 4, (c) 6, (d) 7, (e) 8 wt%, and (f) equivalent circuit model of
a microregion in the composites.
Table 2 Modeled parameters of the equivalent circuit
model in the SG/AlN composites
SG content (wt%)

R

C2

C1
10

1.038×10

–11

3.641×10–12

2

1.623×10

4

6.433×109

4.681×10–11

1.15×10–11

6

5.208×109

8.308×10–11

1.291×10–11

7

4.578×109

1.077×10–10

2.243×10–11

8

205.5

9.45×10–9

8.423×10–10

shows the best absorption performance with a RLmin
value of –13.9 dB at 12.4 GHz. In comparison, the
SiC/AlN composites prepared by Li et al. [11] exhibited
an optimized absorption ability with the RLmin of
–16.5 dB at 30 wt% SiC, whereas its thermal
conductivity (24.88 W·m–1·K–1) is significantly lower
than that of 7 wt% SG/AlN composite (84.5 W·m–1·K–1).
This shows that a integrated strong attenuation and
high thermal conductivity can be obtained by SG/AlN
composites.
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electromagnetic waves on the surface of the material
[65]. The ability of reflecting electromagnetic waves
and the impedance matching characteristic of a material
can be expressed by reflection coefficient Γ [71]:
Γ = |(Zin – Z0)/(Zin + Z0)|

Fig. 17
Reflection loss, incident impedance, and
reflection coefficient of SG/AlN composites with different
SG contents.

The improved absorption ability of the sample
should be attributed to the enhanced dielectric loss,
which is mainly derived from the interfacial polarization
loss and conduction loss as a result of the addition of
SG. Additionally, the improved charge storage ability
resulting from the enhanced mini-capacitor effect also
boosts the microwave absorption of the materials.
Despite the RLmin and best effective absorbing
bandwidth (EAB, < –10 dB) of –13.9 dB and 0.87 GHz,
respectively, occurring for the 7 wt% SG sample, its
overall absorption performance is not as satisfactory as
enough. And further increasing the SG content to
8 wt% deteriorates the microwave absorption ability of
the composite, with a RLmin value of –5.5 dB. This is
attributed to the impedance mismatch caused by the
high dielectric constant of the composites. Excellent
absorption materials should have, apart from a great
loss ability for electromagnetic waves, a good impedance
matching characteristic to reduce the reflection of

(11)

A low Γ value supports a good impedance matching,
that is, more electromagnetic waves could enter the
material. The free-space impedance Z0 value is fixed at
1, and thus, it can be speculated from Eq. (11) that a
low Γ value, i.e., a well-matched impedance, can be
obtained when the Zin value is close to 1 [72]. To
obtain a deeper understanding of the absorption ability
of the SG/AlN composites, the calculated Zin and Γ
values as a function of SG content are illustrated in
Fig. 17. It can be seen from the RL, Zin, and Γ curves of
the 7 and 8 wt% samples that at the frequency with the
maximum Zin value (closest to 1), the materials exhibit
the smallest Γ value. This indicates the RLmin value can
be achieved at the best impedance matching, i.e., when
there is the least reflection of electromagnetic waves.
Overall, the Zin values of all the SG/AlN composites
are within in the range of 0–1 in the X-band, and they
increase first and then decrease as the SG content
increases from 0 to 8 wt%, reaching the maximum at
7 wt% SG. Conversely, the reflection coefficient Γ of
the composites gradually decreases as more SG is
incorporated, attaining the minimum at 7 wt% SG
(0.14–0.44), indicating the best impedance matching in
the composite with 7 wt% SG, which is in good
agreement with its absorption ability. The above results
indicate that good impedance is critical to the
achievement of an excellent absorption property, which
is highly dependent on the SG content. However,
despite a high dielectric loss ability at a high SG
content (8 wt%), the sample exhibits a weak absorption
capability as a result of its poor impedance matching.
On the whole, the AlN-based microwave attenuating
composite ceramics, with its combined high thermal
conductivity, improved dielectric loss, enhanced
absorption ability, and low anisotropy, are developed
by employing SG as attenuating agent.

4

Conclusions

In this work, SG/AlN microwave attenuating composite
ceramics with 0 to 16 wt% SG as the attenuating agent
were prepared via hot-pressing sintering. The SG
particles are homogeneously dispersed in the sintered
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bodies, displaying a 3D morphology and a negligible
orientation alignment. The addition of SG impedes the
sintering of the composites, and slightly influences on
the growth of AlN grains. As the amount of SG added
increases, the strength of the composites decreases
monotonously, whereas the toughness initially increases
and then decreases, with the maximum at 3.8 MPa·m1/2
for the composite with 4 wt% SG, demonstrating a
moderate toughening effect. Despite the significant
decrease in the thermal conductivity with SG addition,
the SG/AlN composites exhibit a relatively higher
thermal conductivity compared to other composites
with non-spherical attenuating agents. The enhanced
polarization loss, conduction loss, and mini-capacitor
effect with the addition of SG (0–8 wt%) significantly
improve the dielectric constant and loss (0.004–0.008
to 0.46–0.59) of the composites within the frequency
range of 8.2–12.4 GHz. The absorption ability is
enhanced as SG is added, with composite with 7 wt%
SG having the best absorption performance with a
RLmin of –13.9 dB at 12.4 GHz and a wide EAB
(0.87 GHz) at 7 wt% composite. In summary, the
as-prepared SG/AlN composites are promising low
anisotropic and highly thermally conductive attenuating
materials.
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